KEYWORDS: surface-state electrons on liquid helium, intersubband absorption resonance, nonequilibrium nonlinear system, self-organized phenomena
Self-organized phenomena characterized by spatiotemporal pattern formation often occur in systems driven away from equilibrium. 1) They can be observed either as longterm transients or as continuously sustained processes under external pumping that is necessary to overcome dissipation. Recently, a strongly nonequilibrium spatial distribution of charge was observed in a circular pool of two-dimensional (2D) electrons with low areal density n s of the order 10 6 cm À2 on the surface of liquid helium.
2) This effect appears under continuous microwave excitation of electrons from the ground subband to the first excited subband, in a quantizing magnetic field applied perpendicular to the surface. When excitation is applied, electrons are pulled toward the pool edge, overcoming the confining electrostatic potential and producing a strong depletion (up to 50%) of charge at the center resulting in a radial electric field. This depletion is on the order of 1 V/cm. This pattern remains until microwaves are turned off, at which time the system returns to the equilibrium distribution with constant electrical potential across the entire pool. The effect emerges under a regime of vanishing diagonal (dissipative) conductivity xx , which also implies vanishing diagonal resistivity xx % xx B 2 =ðn s eÞ 2 .
3) Here, using the method detailed in Ref. 2 , we show that in addition to the static pattern, the redistributed charge exhibits spontaneously generated oscillations in the audio-frequency range.
A circular (about 10 mm radius) 2D layer of electrons was formed on the surface of a concentric circular pool of liquid 3 He or 4 He of radius R ¼ 19 mm and height h ¼ 1:3 mm. Oscillations reported here were observed as an electrical current induced in a circular metal electrode (7 mm radius), which was part of a Corbino disk located 1.3 mm above the surface and used for conductivity measurements reported earlier. 2, 3) The current was converted to a voltage signal and recorded using a current preamplifier followed by a digital storage oscilloscope. Figure 1 (a) shows a current signal obtained at T ¼ 0:2 K, in magnetic field B ¼ 0:62 T for electrons on liquid 3 He. Microwave radiation ( f ¼ 90:9 GHz) was applied during 0 t 1:0 s, as shown by the square waveform (dashed line) which controlled the output of the microwave source. The broad peak at 0 . t . 0:25 s was due to depletion of charge at the center of the pool as electrons were pulled toward the edge. A peak of opposite sign at 1:0 . t . 1:1 s appeared as microwaves were switched off and the system restored the equilibrium distribution. It is clear that there exists an additional transient signal at 0:25 . t . 1:1 s, that persists as long as the system retains nonequilibrium distribution. Unlike the signals due to charge redistribution, triggered by switching on and off the radiation pulses, the transient oscillations appear spontaneously. Therefore, averaging over many traces, as in Ref. 2 , cancels the oscillation signal. Another important factor affecting resolution of our method is the bandwidth of the current preamplifier. The trace in Fig. 1 (a) was obtained using a bandwidth of 100 Hz, that is similar to the Ref. 2 . As a result, the high-frequency content of the transient oscillations was significantly attenuated. In order to avoid this unwanted filtering, we increased the bandwidth to 2 kHz by decreasing the sensitivity of the current preamplifier. The time sequence of recorded oscillations is shown in Fig. 1(b) . As in Fig. 1(a) , microwaves were applied between t ¼ 0 and 1.0 s, as shown by the dashed line. Note that the amplitude of oscillating transient current was much larger than the current induced due to charge redistribution. The latter was too small to be seen in Fig. 1(b) because of the reduced sensitivity of the current preamplifier. Total charge displaced during the halfperiod of the oscillations at their maximum amplitude was estimated to be about 5% of the total surface charge.
It is evident that these oscillations are not monochromatic. In order to visualize the time variation in oscillation frequency, it is convenient to look at the wavelet transform, which provides information about the instantaneous frequency content of the recorded signal. The wavelet transform for the oscillations in Fig. 1(b) is shown in Fig. 2 . The frequency varies periodically in time in the range of 100-500 Hz. These frequencies are in the audible range, which makes it possible to hear them by ear. For this purpose, we recorded an analog signal from the current preamplifier and converted it to an audio file using an ordinary IC recorder. An example of this recording is presented as supplemental material. 4) One of the most interesting features of these selfgenerated oscillations (SGO) is a periodic variation of frequency (Fig. 2) . In most experiments done with electrons on liquid 3 He, as well as superfluid 4 He, we found similar periodic variation of the SGO frequency with a period of about 0.2 s, independent of the substrate. At the same time, we find that the frequency range of the SGO strongly depends upon the substrate. In particular, we observe that the frequency of SGO is about twice as large for electrons on superfluid 4 He comparing with electrons on liquid 3 He. In addition, it is likely that the frequency of SGO varies with the change in the electron density, although a detailed investigation of this dependence needs to be carried out.
Lea et al. considered a simplified lumped circuit model of fully screened 2D electrons capacitively coupled to four rectangular electrodes, which were used to measure the classical Hall effect in this system. 5) They found that when an ac potential difference is applied between a pair of opposite electrodes, the circuit resonates at a frequency f % 2=ðCR H Þ, where C is the capacitance between the 2D charge layer and the screening electrodes, and R H ¼ B=ðn s eÞ is the Hall resistance. Physically, the resonant circuit with dissipation is formed due to the classical Hall effect, which generates an inductive component of circuit impedance L % CR 2 H . For typical values of B, n s and C $ 1 pF, this frequency is of the same order of magnitude (10 3 Hz) as the frequency of SGO discussed here. Note that this model implies a radially asymmetric flow of charge within the circular pool of electrons used in our experiments. In order to confirm this asymmetry, we divided one of the circular electrodes of the Corbino disk described in Ref. 2 into four segments of equal area, and measured the ac transient signals at each segment separately. We found a similar phase relation between these oscillating signals as the one predicted by the model. The details will be given elsewhere.
The modulation of SGO frequency with the period of 0.2 s, independent of the substrate, might originate from oscillations of the liquid surface. Gravity surface waves with wave length much larger than the height of the liquid can be easily excited by the moving surface charge which exerts the pressure on the surface. The lowest frequency radially symmetrical mode has angular frequency ! % 3:83 ffiffiffiffiffi gh p =R, where g % 9:8 m/s 2 . 6) This corresponds to the frequency of 3.6 Hz, which is close to the observed modulation of SGO frequency. It is interesting that occasionally we were able to observe the response of the electron system in the form of oscillating transient current following the signal due to microwaveinduced redistribution of charge [ Fig. 3(a) ]. The power spectrum of this monochromatic oscillation is shown in Fig. 3(b) .
Without radiation, any fluctuation of the surface charge must be damped during a characteristic time À1 xx C $ 10 À2 s. This is the typical time during which the system returns to its equilibrium distribution when the microwave excitation is switched off.
2) Physically, this is the time needed to discharge the capacitance through the conducting layer of surface charge. Oscillations can be excited and they persist until energy stored in the capacitance is sufficient to compensate for ohmic losses in the system. This is in qualitative agreement with behavior shown in Fig. 1(b) , when the microwaves are switched off. This shows that oscillations persist as long as nonequilibrium distribution of charge is maintained.
In the presence of microwave excitation, there exists an external mechanism, which charges the capacitance by displacing electrons toward the pool edge.
2) External pumping allows the system to maintain the electrical energy stored in the capacitance and to sustain oscillations as long as microwave excitation continues. The question of charge stability and spontaneous generation of oscillations can be answered only when such a pumping mechanism is elucidated. Further experimental and theoretical work are needed. Fig. 1(a) . Color represents intensity of the spectral component (Y-axis) of oscillations at a given time t. 
